Most members of the Streptococcus mutans group of microorganisms specify a major cell surface-associated protein, SpaA, that is defined by its antigenic properties. The region of the spaA gene from Streptococcus sobrinus 6715 encoding the immunodominant determinant of the major antigenic component (antigen I) of the SpaA protein has recently been characterized. This study examined whether recognition of the immunodominant determinant is independent of the immunized animal host and whether antibodies elicited by the immunodominant determinant cross-react with cell surface proteins from S. mutans of various serotypes. Mouse and rabbit antisera to the undenatured SpaA protein reacted similarly both with the immunodominant determinant and with other antigenic structures of the protein in Western immunoblots with SpaA polypeptides that were specified by spaA gene fragments expressed in recombinant Escherichia coli. This suggests that the antibody responses of inbred and outbred animals were similar. Furthermore, antibodies raised against both the S. sobrinus SpaA immunodominant determinant expressed by recombinant E. coli and the purified protein from S. sobrinus displayed similar strain specificities and protein band profiles towards cell surface proteins from S. mutans of various serotypes in immunodot and Western blot analyses, respectively. This suggests that for S. sobrinus serotype g, the immune response against the SpaA protein is governed by the immunodominant determinant of antigen I. In addition, it indicates that the SpaA protein domain containing the immunodominant determinant overlaps the domain conferring cross-reactivity to cell surface proteins of S. mutans of various serotypes.
The Streptococcus mutans group of microorganisms (20) , which includes S. cricetus (serotype a), S. rattus (serotype b), S. mutans (serotypes c, e, and f), S. sobrinus (serotypes d, and g), and S. downei (serotype h) (5, 45 ; for a review, see reference 20) , constitutes the principal etiologic agent of dental caries (20) . With the exception of S. rattus, each of these species expresses a major cell surface-associated protein (6, 17, 22, 32-34, 36, 37) , known as antigen I/II (34) , antigen B (36), SpaA (22) , or antigen P1 (17) .
SpaA-like proteins are highly immunogenic in various animal species (25, 33) . However, it is not known whether similar features on the surface of the SpaA protein are recognized by the immune systems of different immunized animal hosts.
To characterize the structure and function of the SpaA protein, a large fragment of S. sobrinus 6715 DNA containing most of the spaA gene was cloned into Escherichia coli (22) . In recombinant E. coli, this fragment of S. sobrinus DNA specifies a SpaA polypeptide that contains the determinants for the antigen I component but not the antigen II component of antigen I/MI (22) . Although this fragment of S. sobrinus DNA did not appear to have sequence homology with the chromosomes of S. cricetus, S. rattus, and other members of the S. mutans group (10) , antiserum prepared against the recombinant SpaA polypeptide shows crossreactivity with cell surface proteins from S. mutans of serotypes c, d, e, f, g, and a but not b (22 We have recently used the large fragment of cloned S. sobrinus DNA to genetically characterize the region of spaA that encodes the determinants for antigen I (19) . We constructed a set of deletions to show that the antigenic determinants of the recombinant SpaA protein were distributed along the carboxyl-terminal two-thirds of the molecule: no antigenic determinants were encoded by the region specifying the first 56 kilodaltons (kDa) of the protein. In (11, 12, 14, 25) . SpaA can elicit strong humoral (14, 33) and secretory (14) responses in mice and can induce protective immunity against dental caries in monkeys (25) . This laboratory has been involved in the construction of live oral vaccines from attenuated recombinant Salmonella typhimurium strains which express the SpaA protein in order to elicit immune responses that would block tooth surface colonization by members of the S. mutans group (11, 12) . In particular, we have used this system to examine constructs that express the recently characterized region that encodes the immunodominant determinant of the antigen I component of the SpaA protein (12, 19) . Two important questions are raised with the use of shorter SpaA polypeptides expressed from fragments of the spaA gene as vaccines against S. mutans colonization. The first of these questions arises from the impossibility of using human volunteers for the early-stage studies and concerns the possibility that recognition of antigenic determinants included within those SpaA polypeptides may be host dependent. The second question concerns whether these polypeptides are capable of eliciting production of antibodies that would recognize cell surface proteins not only from S. sobrinus but also from other members of the S. mutans group. Since none of the currently used monoclonal antibodies against serotype c-like SpaA proteins react as strongly with proteins from strains of S. cricetus and S. sobrinus as they do with proteins from strains of S. mutans (2, 40) , it is possible that not much overlap exists between the major antigenic determinants from SpaA proteins expressed by different members of the S. mutans group.
In this study, therefore, we investigated whether antisera from mice and rabbits recognize similar antigenic structures located on the surface of the SpaA protein. In addition, we also examined the ability of the immunodominant determinant of the antigen I component of the SpaA protein from S. sobrinus to elicit an immune response capable of recognizing cell surface proteins among S. mutans of the various serotypes.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in these studies are listed in Table 1 . All of the S. mutans group strains were tested for a diversity of biochemical traits in terms of fermentation and production of arginine deaminase (29, 38, 39) , and all behaved in conformity with expectations for their biotypes (20, 39) .
Plasmids. Plasmids pYA770, pYA99, pYA170, pYA176, pYA177, pYA178, pYA181, and pYA184 have been described previously (19) . pYA770 was derived from vector pACYC184 (8) ; all other plasmids were derived from expression vector pYA99 (19) , a derivative of pKK233-2 (1), which uses the trc promoter. The spaA inserts in the plasmids used in this study are shown in Fig. 1 (19) . Growth media and growth of bacteria. Members of the S. mutans group of bacteria were routinely grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.), and bacterial stocks were maintained at -70°C in 1% peptone and 5% glycerol. Recombinant E. coli strains that expressed the SpaA protein were cultivated in appropriately supplemented L broth (26) , as previously described (19 (19) . Downstream from all inserts in the expression vector are the rrnB T1T2 transcription terminators (1) . The insert in pYA190 (not shown) is two tandem repeats of the insert in pYA176. kb, Kilobase; PvuII*, replacement of the PvuII site by a hexadecanucleotide with an SstI site at its 5' end (see the text).
inocula anaerobically for 18 h at 37°C, we exposed the filters to chloroform vapors for 30 min and processed them by a previously described modification (19) of the procedure of Helfman et al. (21) . One of the filters was treated with antiserum against purified SpaA protein from S. sobrinus; the other was treated with antiserum against the SpaA polypeptide encoded by pYA181.
Protein source for Western immunoblots. Lysis of E. coli cells in dissociation buffer (23) has been described elsewhere (19) . To prepare extracellular proteins from strains of the S. mutans group, we followed a previously described procedure (4) that was scaled down for one-liter cultures and that used 60% (NH4)2SO4 precipitation to improve recovery of SpaA proteins. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (23) and Western immunoblot (44) conditions have been described elsewhere (19) .
RESULTS
Reactivity of rabbit and mouse antisera against S. sobrinus recombinant SpaA polypeptides. The immunodominant determinant of the antigen I component of the SpaA protein of S. sobrinus is specified by two noncontiguous regions of the spaA gene that are located within the 0.48-kilobase PvuIIto-SstI and 1.2-kilobase SstI-to-HindIII adjacent restriction fragments (19) (Fig. 1) . The effect of these two fragments on the antigenicity of the SpaA protein is synergistic rather than additive, suggesting that the immunodominant determinant is formed by configurational assembly of amino acid residues distantly located on the polypeptide chain (19) . These conclusions were based on the antigenic properties of SpaA polypeptides specified by a collection of spaA fragments in recombinant E. coli. Reciprocally, these SpaA polypeptides are excellent substrates to assay and compare for relative reactivity to different antisera against particular determinants.
Rabbit and mouse antisera raised against SpaA protein purified from S. sobrinus reacted similarly, if not identically, when tested against a set of recombinant SpaA polypeptides resulting from trc promoter expression of restriction fragments from the spaA region that encodes the major antigenic determinant ( Fig. 1 and 2 ). Both antisera recognized equally well the immunodominant determinant encoded by plasmids pYA177 and pYA178. They reacted only very weakly with the determinants encoded in plasmids pYA170, pYA176, and pYA184: for the last two plasmids, the bands, though visible in the original Western immunoblots, were not readily apparent in photographic reproductions (Fig. 2) . Both antisera recognized well the determinants encoded in pYA190 (Fig.  2) , which are contained in a SpaA protein that is formed by two in-tandem copies of the SpaA polypeptide expressed by pYA176. In addition, the two antisera gave qualitatively identical reactions when tested against SpaA polypeptides produced by a previously described collection of BAL 31-generated deletions of pYA770 (19) Immunological cross-reactivity between major antigenic determinants of recombinant SpaA protein and surface proteins from various S. mutans group serotypes. Rabbit antisera prepared against the purified SpaA polypeptide specified by pYA181 (Fig. 1) , which encodes major antigenic determinants specified by pYA770 (19) nodot blot (Fig. 3) and Western blot (Fig. 4) analyses. The strongest reaction of the antisera was with proteins produced by S. sobrinus serotypes d and g; the antisera also reacted strongly with all other serotypes except serotype b. For serotype e, the antisera reacted weakly, if at all, against nondenatured cell surface proteins (Fig. 3) but reacted rather strongly against denatured extracellular proteins obtained from the same strain (Fig. 4) . As expected, both antisera failed to react against nondenatured cell surface proteins of serotype b (Fig. 3) . However, the antiserum prepared against the recombinant protein appeared to weakly recognize denatured extracellular proteins obtained from serotype b (Fig. 4B) (Fig. 4) . Furthermore, both antisera recognized much the same extracellular protein bands, often with similar reactivity (Fig. 4) . In particular, bands that reacted strongly did so with both antisera. Thus, it appears that the humoral response elicited in rabbits against undenatured SpaA protein is strongly governed by the immunodominant determinant of the antigen I component.
Furthermore, and more importantly, antiserum raised against the recombinant SpaA polypeptide containing the immunodominant determinant and antiserum prepared against undenatured SpaA protein from S. sobrinus exhibited strikingly similar cross-reactivity with extracellular proteins of S. mutans of various serotypes. Therefore, it appears that the determinants of the S. sobrinus SpaA protein responsible for immunological cross-reactivity are encoded mainly within the same spaA region that determines the major antigenic determinants.
DISCUSSION
We have recently described plasmid constructs that express the immunodominant determinant of the antigen I component of the SpaA protein from S. sobrinus 6715 in recombinant strains of E. coli (12, 19) and S. typhimurium (12) . To evaluate the potential usefulness of such constructs for the design of vaccines against S. mutans-produced tooth decay, we examined two aspects of the immune response elicited by the SpaA protein and its recombinant derivatives. First, we compared the specificities of the humoral immune responses elicited in mice and rabbits by undenatured SpaA protein from S. sobrinus 6715. Second, we used antiserum elicited by the immunodominant determinant of the antigen I component of the SpaA protein from S. sobrinus to examine the pattern of cross-reactivities to surface proteins from members of the S. mutans group.
Both mice and rabbits responded similarly to the same antigenic and immunogenic determinants of the S. sobrinus SpaA protein. In addition, responses from individual rabbits were the same with regard to determinants recognized, but not with regard to titers (data not shown). Since rabbits are derived from an outbred population and individuals might be expected to give different responses, this result is significant. Thus, the SpaA protein surface features that generate the characterized determinants of antigen I (19) appear to be recognized by the immune system of multiple hosts.
We also found that antiserum prepared against the purified SpaA polypeptide expressed by recombinant E. coli carrying S. sobrinus DNA from the spaA region which encodes the immunodominant determinant of antigen I and antiserum prepared against the whole SpaA protein purified from S. sobrinus had similar patterns of reactivity with surface proteins from S. mutans of the various serotypes. This suggested that for S. sobrinus serotype g, the protein domain responsible for cross-reactivity with surface proteins from S. mutans of other serotypes overlaps the domain containing the immunodominant determinant of antigen I.
The extensive cross-reactivity observed for SpaA-like proteins among various S. mutans serotypes that is found when polyclonal sera are used (17, 22, 33, 36, 37) has not yet been detected with monoclonal antibodies directed against antigens I/II (40) or P1 (2) of serotype c. In fact, these monoclonal antibodies do not bind to surface antigens from S. sobrinus 6715 (2, 40), a serotype g strain. It has been suggested (2) that the common determinants of the SpaA proteins from different serotypes may not be strongly immunogenic or that they are quantitatively minor epitopes. Our results, however, show that antiserum raised against the major antigenic determinant of SpaA from S. mutans serotype g reacted strongly with surface proteins from most of the S. mutans group serotypes. A probable explanation for the discrepancies is that denatured SpaA protein was used as the immunogen (2) We noted also that antisera raised against the immunodominant determinant and native SpaA protein, respectively, reacted in Western blots with protein bands that exhibited a wide range of molecular masses. For each of the examined serotypes, the highest molecular mass was between 180 and 210 kDa, matching that described for SpaAlike proteins (17, 22, 32-34, 36, 37 (30, 31, 41) . Thus, it is tempting to speculate that these proteins from serotype f are related to the SpaA protein.
In the Western immunoblots, the multiplicity of polypeptide bands detected by both antisera for each serotype is consistent with previous observations (36) and is assumed to be the result of protein breakdown (36) (32, 42) , e, f, and a (32) . The region of homology between the spaA genes from S. mutans serotypes c and g maps toward the middle regions of both genes, with 62% of the nucleotides matching and 66% homology between the deduced amino acid sequence of the two proteins (42) . From these sequences it follows that the region of homology between the two spaA genes partially overlaps the sequence of the region of spaA from S. sobrinus that encodes the immunodominant determinant of the antigen I component (19) . The region of greatest homology extends from a site located at least 57 nucleotides 5' to the HincII site to a region between the two KpnI sites (Fig. 1) , but significant homology exists almost up to the HindlIl site (Fig. 1) . Thus, the presence in serotypes a, c, e, and f of surface proteins that contain the major antigenic determinants of the SpaA protein from S. sobrinus is significant and reflects the conservation of a particular protein structure (if not amino acid sequence) among the various serotypes. This conservation of a structure suggests that it may possibly be involved in some essential function for the members of the S. mutans group of bacteria. Though the function or functions of the SpaA protein have not yet been unambiguously established, they are assumed to play an important role in colonization of tooth surfaces (9, 16) .
SpaA has been assumed to be variously involved in attachment to saliva-coated hydroxylapatite (16) , salivary proteins (33, 35) , and glucan (9) and also in sucrose-induced aggregation (9, 13 
